proteins with similar properties functioning at the outer dense plaque of desmosomes. A 2 bp deletion in JUP causes recessive ARVC always associated with palmoplantar keratoderma and woolly hair (Naxos disease), whereas mutations in PKP2 have been identified as a common cause of dominant non-syndromic ARVC. In recent studies from northern Europe, PKP2 mutations have been identified as a cause of dominant ARVC in nearly half of index patients and in the vast majority of familial cases.
The established diagnostic criteria for ARVC facilitate diagnosis; however, the most specific ones lack sensitivity, particularly in detecting disease at early stages. In the clinical screening of ARVC families, the identification of asymptomatic carriers potentially at increased risk for arrhythmic events and sudden death is challenging. In families wit recessive ARVC, cutaneous phenotypeapparent from infancy reveals homozygous carriers. In families with dominant ARVC where diagnosis is hampered by low penetrance and variable phenotypic expression, there is need of sensitive non-invasive markers for early identification of mutation carriers. Risk stratification evalu-ating non-invasive markers and arrhythmic events has identified a profile of arrhythmic risk in selected ARVC populations.
Such a profile has not yet been determine =in the context of asymptomatic familial disease. 
Arrhythmogenic right ventricular cardiomyopathy caused by deletions in plakophilin-2 and plakoglobin (Naxos disease) in families from

Electrocardiography and echocardiography
Standard 12-lead ECG was recorded at rest (10 mm/mV with speed 25 mm/s and 20 mm/mV with speed 50 mm/s). QRS complex dur-ation was measured by a calliper at usual ECG format. Epsilon waves (low amplitude waves at the end of QRS complex) were included in these measurements. QRS dispersion was estimated as the difference between the widest QRS complexes from leads V1, V2, or V3 when compared with V6. Inversion of T-waves (including flattened T) in the precordial leads was noted. Signal-averaged ECG was performed using time-domain analysis with a bandpass filter of 40 Hz according to previously described protocols. A24 h ambulatory ECG was recorded on an outpatient basis. Ventricular extrasystoles and episodes of ventricular tachycardia (three or more consecutive ventricular complexes at a rate of 120 bpm) were noted. Ventricular tachycardia was defined as sustained when lasting more than 30 s. On 24 h ambulatory ECG, ventricular extrasystoles were characterized as frequent when they were more than 1000/24 h for the probands and 200/24 h for the family members.
Echocardiography was performed with a 2.2 MHz transducer.
Measurements of the right ventricular dimensions in twodimensional echocardiographic recordings were selected from the outflow tract on parasternal long-axis view and from the inflow tract on apical four-chamber view according to the protocol by Foale et 
Results
Mutation screening
One hundred and eighty-seven individuals (91 men and 96 women) age 39 + 18 years (range: 12-88 years) belonging to four families with dominant and 12 families with reces-sive ARVC (12 + 9 members per family, range: 3-29) were screened for mutations in the PKP2 and JUP genes. We identified two novel and one known PKP2 mutations in 22 members of dominant ARVC families and one known JUP mutation in 72 members of recessive ARVC (Naxos disease) families. One hundred healthy volunteers from Greece and Cyprus screened for the identified mutations were proven carriers for the normal alleles.
In particular, in Family A, five individuals carried a novel dele-tion of 10 bases in exon 3 of the PKP2 gene (971_980del10). This mutation is predicted to cause a frameshift and introduce a premature termination codon in the N-terminus of the PKP2 protein (G324fsX348) ( Figure  1A ). Eighteen family members were homozygotes for the normal allele. In Family B, 11 individuals were heterozygous for a novel deletion of 50 bases in exon 13 of the PKP2 gene (2569del50) ( Figure 1B ). Similarly, this mutation would result in a frame-shift and a premature termination on the PKP2 protein (R857fsX858). Fifteen family members had the normal allele. The same PKP2 mutation (2509delA) was detected in Families C and D ( Figure 1C ). In total, there were six mutation carriers and three family members homozygous for the wild-type allele. Deletion 2509delA has been previously seen in ARVC patients5and would lead to the introduction of a number of additional amino acid residues to the C-terminus of PKP2 (V837fsX930). Finally, the known 2157del2 mutation in JUP was found in 12 families with Naxos disease ( Figure 1D ). Of 129 family members, we identified 26 homozygotes and 46 heterozygotes for this mutation. Fifty-seven individuals had a normal genotype. All subjects who were homozygous for the 2157del2 mutation presented with palmoplantar kerato-derma and woolly hair, whereas none of the PKP2 mutation carriers had any clinical cutaneous abnormality.
Diagnosis of ARVC
Non-invasive cardiac assessment demonstrated abnormali-ties, fulfilling the established diagnostic criteria for ARVC in 42 subjects (affected). In particular, 12 subjects fulfilled one major plus at least two minor criteria, whereas the other 30 fulfilled at least two major criteria. Sixteen affected (10 men, six women) were heterozygous carriers of PKP2 mutation and 26 affected (13 men, 13 women) were homozygous carriers for JUP mutation. The age at diagnosis of ARVC was 38 + 17 years (range: 13-64 years) in affected PKP2 mutation carriers and 37 + 17 years (range: 13-74 years) in affected JUP homozygous carriers. Diagnosis was supported histologically in 12 patients: from endomyocardial biopsy in six, from surgical biopsy in four (Figure 2 ), and from autopsy in two. Coronary arteries were normal in all 16 subjects who underwent coronary arteriography. Six PKP2 mutation carriers age 48 + 22 years (range: 13-71 years) did not fulfil the criteria for ARVC at last follow-up. No cardiac abnormality was detected in any of them except of mild hypokinesia of the right ventricular apex in a 40-year-old man. Also none of the heterozygous JUP mutation carriers aged 51 + 19 (range: 15-87 years) fulόlled the criteria for ARVC. However, 11 of them showed minor ECG/echocardiographic abnormalities: eight had T-wave inversion in leads V1 and V2, a 36-year-old woman had T-wave inversion in leads V1 through V3, two 3
Figure 1
Sequence electropherograms of three plakophilin-2 (PP2) heterozygous mutations (971_980del10, 2569del50, and 2509delA) and one plakoglobin (PG) homozygous mutation (2157del2).
The above minor criteria had also the highest sensitivity (64-76%) in identifying PKP2 mutation carriers. T-wave inversion in leads V1 and V2 reached the highest sensitivity of 85% with 82% speciόcity. Major criteria such as epsilon waves, QRS complex prolongation in leads V1 to V3, right ventricular aneurysms, and severe right ventricular dilata-tion though of 100% speciόcity showed low sensitivity.
Electrocardiographic and structural characteristics of affected carriers
Summarized in Table 2 are the electrocardiographic and echocardiographic findings of 42 carriers of PKP2 and JUP mutation who were diagnosed with ARVC. Resting ECG was abnormal in 94% of affected PKP2 carriers and in 92% of JUP homozygous carriers (Figure 3) . T-wave inversion in leads V1-V3 was the principal ECG όnding in both groups, tending to appear more commonly in affected PKP2 carriers. Depolarization abnormalities were mostly detected in JUP homozygous carriers. The only signiόcant differences between the two groups were QRS prolongation in leads V1-V3 (P = 0.002) and QRS dispersion 40 ms (P = 0.02). Structural/functional abnormalities were similarly detecte in both groups ( Figure 4) ; right ventricle was involved in all affected, whereas left ventricular involvement was observed in less than 25% in both groups.
Clinical events
All affected carriers underwent serial cardiac assessment in a prospective evaluation of up to 21 years (median 8.5 years) and all clinical events were recorded. Detailed historical data were available from medical records. The age at the end of follow-up was 42 + 17 years in affected PKP2 carriers and 48 + 20 years in JUP homozygous carriers (P = 0.32). Major clinical events appeared in seven affected PKP2 carriers and 18 JUP homozygous carriers (P = 0.11) ( Table 2 ). The age at first event was 27 + 13 years (range:14-49 years) in PKP2 carriers and 32 + 18 years (range:12-68 years) in JUP homozygous carriers (P = 0.34). Sustained ventricular tachycardia and syncope presented without significant differences in both groups (Table 2 ). Oral antiarrhythmic treatment was applied in 22 patients, surgical ablation was performed in three, and an antitachy-cardia pacemaker defibrillator was implanted in nine. Seven JUP homozygotes developed heart failure; symptoms of heart failure were associated with severe right ventricular deterioration in two individuals and biventricular deterio-ration in five. Sudden death occurred in three PKP2 carriers and six JUP homozygous carriers (P = 0.75) at the age of 28 + 14 years (range: 15-53 years). A 15-year-old affected PKP2 carrier suffered an episode of aborted sudden death. He had a history of syncope but on electrophysiological investigation sustained ventricular tachycardia was not induced. Kaplan-Meier curves for event-free survival did not differ significantly between affected PKP2 carriers and JUP homo-zygous carriers ( Figure 5 ). By the age of 40 years, event-free survival was 61 + 13 and 53 + 10% respectively. had diastolic bulging of the right ventricular inflow tract, and a 74-year-old man presented frequent ventricular extra-systoles of left bundle branch block configuration. None of the 93 subjects who were homozygous for the normal alleles aged 39 + 19 (range: 14-92 years) fulfilled the diag-nostic criteria for ARVC. However, 26 of them showed minor ECG or echocardiographic alterations (Table 1) : 17 had T-wave inversion in leads V1 and V2 extending to V3 in three 15-year-old adolescents and in a 71-year-old woman, two presented frequent ventricular extrasystoles of left bundle branch block configuration, three showed minor right ventricular wall motion abnormalities and four mildright ventricular dilatation. Five of the 16 homozygous for the normal alleles who were submitted to signal-averaged ECG fulfilled the criteria for late potentials. Application of diagnostic criteria revealed that T-wave inversion in leads V1 through V3, right ventricular wall motion abnormalities, and frequent ventricular extrasystoles of left bundle branch block conόguration showed more than 76% sensitivity and more than 95% specificity in identifying homozygous JUP mutation carriers (Table 1) .
Risk stratification
During follow-up in 25 out of 42 affected carriers major clinical events were recorded: sustained ventricular tachycardia Table 2 ). The independent correlation of ECG/echocardiographic variables at initial assessment (T-wave inversion, QRS dispersion, right ventricular dilatation/dysfunction, and left ventricular involvement) with major clinical events was assessed by multivariable logistic regression analysis. QRS dispersion (40 ms) was an inde-pendent predictor of syncope (odds ratio 5.32, 95% CI 1.02-27.61; P = 0.047) but not of sudden death (P = 0.577). QRS dispersion tended to predict sustained ven-tricular tachycardia (odds ratio 5.79, 95% CI 0.80-42.03; P = 0.082), whereas left ventricular involvement tended to predict sudden death (odds ratio 5.67, 95% CI 0.80-40.09; P = 0.082). No significant interdependencies between family members were observed.
Discussion
Molecular basis of ARVC
Mutations in genes encoding proteins involved in myocardial cell-cell adhesion are increasingly recognized as a primary molecular defect in ARVC pathogenesis. Desmosomes are intercellular junctions abundant in myocardium and epidermis, tissues that experience constant mechanical stress. JUP and plakophilin are armadillo proteins located at the outer dense plaque of desmosome, found also in the nucleus and involved in signalling mechanisms. PKP2 isoform of plakophilin is found in desmosomes of myocardial cells. Mutation in PKP2 was identified as the causative gene in four out of 11 (36%) families with dominant ARVC. Two novel PKP2 mutations were identified in two families from Cyprus and an already reported one in two families from
Greece. Recent studies compared the clinical expression of patients with PKP2 mutation to a genetically nonhomogeneous group of ARVC patients. This is the first study relating the disease phenotype in genetically homogeneous populations with familial ARVC due to mutations in desmosomal proteins with similar properties.
Diagnosis and disease expressivity
In four families with dominant ARVC due to PKP2 mutation, 16 out of 22 mutation carriers fulόlled the established diagnostic criteria, the youngest by the age of 13 years. Penetrance of PKP2 mutation was estimated from the larger family up to 55%. Incomplete penetrance has been reported in dominant ARVC, particularly in PKP2 families the highest reported penetrance reached 66% by adolescence. Cutaneous abnormalities did not exist in any of the PKP2 mutation carriers. In recessive ARVC, due to JUP mutation, cardiac phenotype showed 100% penetrance by adolescence whereas cutaneous abnormalities were fully expressed in all homozygotes from infancy. Minor ECG/ echocardiographic findings identified in a few JUP heterozygous carriers did not differ from those identified in homozygous normals. The clinical expression of heart disease between PKP2 and JUP-affected carriers did not differ significantly except for depolarization abnormalities which were detected more commonly in homozygous JUP mutation carriers. T-wave inversion in leads V1-V3 was the main ECG finding in both groups, appearing more commonly in affected PKP2 carriers, a finding confirmed by other studies too. Therefore, it might be assumed that the mutations in PKP2 and JUP express quite similar cardiac phenotype. Given that the structural profile of the disease appears similar in both groups, depolarization abnormalities more commonly detected in JUP mutation might reflect a more extensive defect in the electrical coupling that might be attributed to gap junction remodelling. Nevertheless, gap junctions in PKP2 mutation carriers remain to be examined.
Non-invasive markers for identification of mutation carriers
The use of sensitive non-invasive markers for early detection of gene carriers might identify individuals at risk and guide the genetic evaluation within affected families. Diagnostic criteria from ECG and two-dimensional echocardiography, which have been used to screen family members, were validated in this study as markers for identification of mutation carriers. Recessive ARVC presenting full penetrance and homogeneous expression permitted testing of non-invasive markers for diagnostic sensitivity. T-wave inversion in leads V1 to V2 or V3, right ventricular wall motion abnormalities, and frequent ventricular extrasystoles of left bundle branch block configuration showed high sensitivity and specificity in identifying homozygous JUP mutation carriers as well as PKP2 mutation carriers. Major ECG/echocardiographic criteria though of 100% specificity showed low sensitivity.
Risk stratification in mutation carriers
The growing number of identified disease-causing genes in ARVC probands increases the incidence of asymptomatic carriers within families that are potentially at risk for arrhythmic events and sudden death being occasionally the first disease manifestation. Non-invasive markers able to predict the risk of life-threatening ventricular arrhythmias are considered important in clinical management. Risk stratification in selected genetically nonhomogeneous populations of ARVC patients, predominantly those with an arrhythmia presentation, revealed severe right ventricular dilatation/dysfunction as a predictor of arrhythmic events, whereas QRS dispersion (40 ms) and left ventricular involvement were predictors of sudden death. This study is the first one seeking to explore arrhythmic risk within genotyped ARVC families. Multivariable logistic regression analysis revealed that QRS dispersion (40 ms) was an independent predictor of syncope but not of sudden death. Left ventricular involvement tended to predict sudden death.
Conclusions
Alterations in desmosomal proteins are increasingly identified to underlie ARVC. Mutations in genes encoding closely related proteins PKP2 and JUP functioning at the outer dense plaque of desmosomes result in similar cardiac phenotype with right ventricular preponderance. They both express ARVC by adolescence with penetrance reaching 55% in PKP2 carriers and 100% in JUP homozygous carriers. Non-invasive family screening for identiόcation of gene carriers may largely be based on precordial T-wave inversion, right ventricular wall motion abnormalities, and frequent ventricular extrasystoles of left bundle branch block configuration. QRS dispersion (> 40 ms) was an independent predictor of syncope but not of sudden death.
